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Poliovirus and human rhinovirus 2A proteinases are known to stimulate translation initiation on the cognate viral Internal 
Ribosome Entry Segments (IRESes). The molecular mechanism of this translational transactivation was investigated in vitro 
using dicistronic mRNAs containing picornaviral IRESes as the intercistronic spacer and purified human rhinovirus type 2 
and coxsackievirus B4 2A proteinases. The stimulation achieved on the HRV2 IRES in the presence of the cognate 2A
proteinase at 1 /~g/ml was twofold; the maximum stimulation at 100/~g/ml was fivefold. The IRESes and proteinases from 
rhino- and enteroviruses were interchangeable; however, stimulation of translation initiation on a cardiovirus IRES by these 
proteinases was minimal. Studies using an inhibitor or a mutant 2A proteinase demonstrated that translation stimulation 
requires 2A-mediated enzymatic conversion f some cellular component(s). The HRV2 2A proteinase also stimulated transla- 
tion initiation on full-length viral RNA, suggesting that 2A proteinase-mediated stimulation of IRES-driven translation has a 
physiological role. ,' 1995 Academic Press, Inc 
INTRODUCTION 
The picornavirus family includes several important 
pathogens of humans (e.g., poliovirus, hepatitis A virus, 
and human rhinoviruses) and animals (e.g., foot-and- 
mouth disease virus (FMDV) and encephalomyocarditis 
virus (EMCV)) (Rueckert, 1990). These viruses all possess 
a single-stranded polyadenylated RNA genome of posi- 
tive polarity. The 5' end of virion RNA is not capped, but 
is instead covalently linked to the virally encoded protein 
VPg. Upon entry of the RNA into a cell, this protein is 
thought to be removed by a cellular enzyme prior to trans- 
lation (Nomoto et al., 1977; Ambros et al., 1978). The 
primary translation product is a single large polyprotein, 
which is processed by virally encoded proteinases to 
generate the structural (VP1-VP4) and nonstructural 
(2A-2C and 3A-3D) proteins (Fig. 1A; Krausslich and 
Wimmer, 1988). The successful completion of the picor- 
naviral replicative cycle depends largely on the ability of 
the viral RNA species to compete with capped cellular 
RNAs for the host cell translation machinery (Jackson et 
al., 1990). For all members of the picornavirus family 
except the cardioviruses (i.e., EMCV and the closely-re- 
lated Mengovirus), this goal is achieved through the inhi- 
bition of initiation of translation of capped cellular 
mRNAs. 
This inhibition of capped mRNA translation, known as 
the host cell shut-off, is due, at least in part, to the proteo- 
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lytic cleavage of the cellular translation initiation factor 
elF-4T (formerly known as p220), which is part of the elF- 
4 cap-binding complex. The cleavage of elF-4T is carried 
out by the 2A proteinase during human -rhinovirus (HRV), 
poliovirus (PV), and coxsackievirus (CV) (the latter two 
are members of the enterovirus genus of picornaviruses) 
infection and by the leader (L) proteinase during FMDV 
infection (Lloyd et al., 1988). Cleavage leads to the inacti- 
vation of the cap-binding complex, so that cellular capped 
mRNAs can no longer associate with the 40S ribosomal 
subunit. Picornavirus RNA translation can continue un- 
abated under such conditions, as it is initiated in a cap- 
independent manner by ribosomes which have entered 
the RNA internally (Jang et aL, 1988; Pelletier and Sonen- 
berg, 1988). Internal ribosomal entry requires a higher- 
order RNA structure of about 400 nt present in the picor- 
naviral 5' untranslated region (5'UTR) referred to as the 
internal ribosome entry segment (IRES) (Jackson et al., 
1990). It is unclear which translation initiation factors are 
required for IRES-driven translation initiation; however, it 
has recently been shown that cellular proteins other than 
the generally recognized translation initiation factors are 
necessary. For instance, the addition of at least two HeLa 
cell proteins to rabbit reticulocyte lysates is required for 
efficient initiation of translation from the PV or HRV IRES. 
One of these, a 57-kDa protein, has been identified as the 
polypyrimidine tract binding protein (PTB) (Borman et al., 
1993; Hellen et al., 1993). The second protein, of 97 kDa, 
which apparently acts in concert with PTB, remains to be 
identified (Borman et al., 1993). Additionally, it has been 
reported that the La autoantigen specifically stimulates 
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translation initiation from the poliovirus IRES (Meerovitch 
et al., 1993; Svitkin et al., 1994). Several other proteins 
have also been shown to bind to IRES elements, although 
their influence on translation remains to be determined 
(Borman eta/., 1993; Gebhard and Ehrenfeld, 1992; Wither- 
ell and Wimmer, 1994). 
In addition to the requirement for noncanonical cellular 
translation initiation factors, IRES-driven translation can 
be stimulated by viral components. Initial evidence for 
2A proteinase-mediated stimulation of translation driven 
by the cognate picornavirus IRES was presented in ge- 
netic experiments using the poliovirus 2A proteinase 
(Hambidge and Sarnow, 1992). A cell line was developed 
which expresses proteins, the translation of which is 
driven by the poliovirus 5'UTR. Transfection of such cells 
with a gene encoding the poliovirus 2A proteinase led 
to an increase in the translation of RNAs carrying the 
poliovirus 5'UTR even before cleavage of elF-4 T was 
complete. This implies that the stimulation is a positive 
effect and that it is not simply due to a reduction in 
the competition of capped mRNA for binding to initiation 
factors and/or ribosomes. Further evidence came from 
in vitro experiments= the translation of an RNA containing 
the 5'UTR of HRV serotype 2 (HRV2) in a HeLa cell extract 
was stimulated two- to threefold by the addition of the 
HRV2 2A proteinase (Liebig et al., 1993). A recent report 
also showed that the translation defect of a certain set 
of poliovirus IRES-mutants could be rescued by second- 
site mutations in the 2A proteinase gene (Macadam et 
al., 1994). Although this was interpreted as implying a 
direct interaction between the 2A proteinase and the 
5'UTR, formal proof for such an interaction is lacking. 
Nevertheless, the evidence for a further function for the 
2A proteinase of rhino- and enteroviruses (in addition to 
its roles in processing the viral polyprotein to separate 
the capsid proteins from the noncapsid ones (Fig. 1A) 
and in cleaving elF-4 T) was convincing enough to war- 
rant further investigation. 
Here, we report an examination of the efficiency of 
rhino- and enteroviral 2A proteinase-mediated stimula- 
tion of translation. Evidence is presented which shows 
that the protein and RNA components involved in the 
stimulation of IRES-driven translation are interchange- 
able between rhino- and enteroviruses, but not the dis- 
tantly related cardioviruses. Furthermore, we demon- 
strate that the HRV2 2A proteinase is more efficient at 
stimulating IRES-driven translation than any other protein 
identified to date and that the stimulation correlates with 
the enzymatic activity of the 2A proteinase, the proteolytic 
conversion of some cellular component(s) being involved 
in 2A proteinase-mediated translational transactivation. 
MATERIALS AND METHODS 
Enzymes, reagents, and chemicals 
Restriction endonucleases and DNA modifying en- 
zymes were from Boehringer-Mannheim, Gibco-BRL, or 
New England Biolabs and were used according to the 
suppliers' instructions. Rabbit reticulocyte lysate was a 
gift of Tim Hunt. Elastatinal was from Sigma (St. Louis, 
MO). All other chemicals were of reagent grade. Poliovi- 
rus RNA was isolated from purified virions as described 
(Lee et al., 1979). Expression of recombinant HRV2 2A, 
HRV2 Ser-2A (in which the active site cysteine 106 is 
replaced by serine), and CVB4 proteinases in bacteria, 
purification, and analysis on SDS-PAGE were as de- 
scribed elsewhere (Liebig et al., 1993; Kirchweger et al., 
1994). Proteinase buffer is Buffer A (100 mM NaCI, 50 
mM Tris-HCI, 5 mM D-i-F, 1 mM EDTA, 5% Glycerol) of 
Liebig et al. (1993). 
Plasmids 
pXLJO (pXLJ-Con) and pXLJ-HRV2 (pXLJ10-585; con- 
taining nt 10-585 of the HRV2 5'UTR) have been de- 
scribed previously (Borman and Jackson, 1992), as have 
pXLJ-PV1 and pXLJ-EMCV (Ziegler et aL, 1995). Details 
of the plasmids are shown in Fig. lB. 
In vitro transcription and translation of RNA 
in vitro transcription reactions were carried out as de- 
scribed (Borman et aL, 1994) using Tris-HCI as buffer. 
Capped mRNA was synthesized as described (Dasso 
and Jackson, 1989a), except for the following modifica- 
tions. For the capped RNA used in the experiments 
shown in Fig. 2A, reactions contained GTP at 0.05 mM 
and the cap analogue m7GpppG at 0.25 raM, after 30 
rain at 37 ° , the GTP concentration was brought to 1 mM 
and the incubation continued for a further 1 hr. For the 
capped RNAs used in the experiments shown in Figs. 3 
and 4, reactions initially contained 1 mM GTP. in vitro 
translation reactions were performed in rabbit reticulo- 
cyte lysates supplemented with HeLa cell $10 extract 
as described previously (Borman et aL, 1994). The final 
concentrations of HeLa cell $10 extract in the translation 
reactions are given in the figure legends. Final concen- 
trations (raM) of added MgCI2 and KCI in translations 
were 0.5 and 69 for the RNA transcribed from pXLJ-HRV2, 
0 and 85 for the RNA transcribed from pXLJ-PV1, and 0.5 
and 100 for the RNA transcribed from pXLJ-EMCV and 
reticulocyte globin, respectively. For inhibitor studies, 
translation reactions were preincubated for 10 rain at 30 ° 
with proteinase buffer, HRV2 2A proteinase, HRV2 2A 
proteinase to which elastatinal was added to 500 pM 
after the initial 10-rain preincubation at 30 ° or HRV2 2A 
proteinase which had been preincubated for 10 rain at 4 ° 
with 2.5 mM elastatinal (to give 500 pM in the translation 
reaction). All reactions were then incubated for a further 
10 rain at 4 ° before the addition of mRNA. 
The products of translation reactions were analyzed 
on 20% polyacrylamide gels (or 15% gels for the products 
of translations programmed with PV1 full-length RNA) as 
described previously (Dasso and Jackson, 1989b) and 
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FIG. 1. Organization of the picornaviral genome (A) and cDNA templates for the synthesis of dicistronic mRNAs (B) and purity of the proteinase 
preparations used (C). Lines and boxes indicate noncoding sequences and coding regions, respectively. The picornaviral proteins are designated 
according to Rueckert and Wimmer (1984). An L protein is not found in human rhino- and enteroviruses. The lengths of the 5' UTRs are: HRV2, 610 
nt; PV1, 742 nt; EMCV, 833 nt. In B, numbers denote the portion of the 5'UTR (thick line) inserted into the intercistronic region of pXLJO; the 
restriction sites of inserlion for HRV2, PV1, and EMCV are indicated. The initiating codons for protein synthesis from transcribed RNAs are shown 
in bold. In the case of HRV2 and PVl, this corresponds to the NS initiation codon in a perfect Kozak context (ACCAUGG; Kozak, 1989). In the case 
of EMCV, this corresponds to the authentic EMCV initiation codon; however, the retention of downstream sequences (see boxed nt.) results in an 
NS' translation product with an N-terminal extension of four amino acids. The following restriction sites are shown: B, BamHI, E, EcoRI, N, Ncol, 
Sc, SacI, S, Sa/I. In C, anSDS PAGE analysis of the proteinase preparations employed is shown. Three micrograms each of purified HRV22Aand 
HRV2 2A-Ser proteinases was analyzed on a gel containing 15% polyacrylamide. Visualization was by diver staining. Sizes (kDa) of marker proteins 
(lane M) are indicated. 
the dried gels were exposed to Hyperfilm/~-max (Amer- 
sham) for 48 hr. Densitometric quantification of protein 
products was performed using the Appligene gel imaging 
system and Macintosh image analysis software. 
RESULTS 
The HRV2 2A proteinase stimulates IRES-driven 
translation from its cognate 5'-UTR 
Itwas recently demonstrated that the HRV2 2A protein- 
ase stimulates translation driven from the cognate IRES 
in vitro (Liebig et aL, 1993). To better quantify this transla- 
tional transactivation, we employed a previously de- 
scribed in vitro dicistronic assay system to study internal 
initiation of human rhinovirus RNA translation (Borman 
and Jackson, 1992). The dicistronic mRNA comprises the 
cyclin B cistron separated from the downstream NS cis- 
tron of influenza virus by a spacer containing the IRES 
of HRV2 (Fig. 1B); translation is performed in reticulocyte 
lysates supplemented with HeLa cell S-10 extract at 125 
#g/ml (see Materials and Methods). This concentration 
permits detectable translation driven from the HRV2 
IRES, but is not saturating for translation (HRV2 IRES- 
driven translation efficiency increases linearly with the 
addition of HeLa cell proteins up to at least 500 #g/ml; 
data not shown). The effect of including the HRV2 2A or 
the HRV2 Ser-2A mutant (both at 1 #g/ml; the purity of the 
preparations is shown in Fig. 1C)in translation reactions 
programmed with capped or uncapped pXLJ-HRV2 
mRNA is shown in Fig. 2. With capped pXLJ-HRV2 RNA 
(see Materials and Methods), the presence of the HRV2 
proteinase stimulated the initiation of downstream cis- 
tron protein synthesis fourfold (Fig. 2A, compare lanes N 
and a for HRV 2A); in contrast, the translation efficiency 
of the upstream cistron was reduced threefold, but not 
abolished, in the presence of the wild-type proteinase. 
Both the stimulation of the downstream cistron transla- 
tion and the reduction in the upstream cistron translation 
were not observed in reactions containing the HRV2 Ser- 
2A mutant (Fig. 2A, HRV2 Ser-2A panel). 
This residual translation of the upstream cistron in the 
presence of a wild-type 2A proteinase was surprising, 
as previous results showed that a natural capped mRNA 
isolated from rabbit reticulocytes (i.e., globin mRNA) was 
not translated in HeLa cell cytoplasmic extracts which 
had been treated with 2A proteinase (Liebig et al., 1993). 
Furthermore, this result was confirmed with globin mRNA 
using the mixed translation system described here (Fig. 
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FIG. 2. HRV2 2A proteinase specifically stimulates internal initiation 
of translation from its cognate IRES. Artificially capped (initial GTP 
concentration of 0.05 mM in the transcription reaction) or uncapped 
mRNA both transcribed from pXLJ-HRV2 were translated in a mixed 
HeLa cell rabbit reticulocyte lysate extract (approximately 125 ,ug/ml 
final concentration of added HeLa cell proteins) at a final RNA concen- 
tration of 10/~g/ml (A and C). Natural capped globin RNA was translated 
in the same system at a final RNA concentration of 50 Mg/ml (B). 10- 
/.~1 reactions were supplemented with 2 MI of proteinase buffer (lanes 
N) or 2 /.~1 of the designated proteinase (1 ,ug/ml in the translation 
reaction) diluted in proteinase buffer (lanes a). 3~S-labeled translation 
products were analyzed by SDS-PAGE on gels containing 20% acryl- 
amide and autoradiography of the dried gel using Hyperfilm /3-max. 
2B). It is, however, known that the percentage of tran- 
scripts synthesized in vitro which begin with a cap struc- 
ture depends on the concentrations of cap analogue and 
GTP used (Dasso and Jackson, 1989b). To investigate 
whether the presence of uncapped RNA was responsible 
for failure of the 2A proteinase to completely abolish cap- 
dependent translation, the experiment shown in Fig. 2A 
was repeated with uncapped pXLJ-HRV2 RNA (Fig. 2C). 
Once again, a stimulation of about threefold of IRES- 
driven translation in the presence of wild-type proteinase 
was observed. However, in this case, the efficiency of 
translation of the upstream cistron actually increased 
about threefold (Fig. 2C, compare lanes N and a for HRV2 
2A). The translation of the upstream cistron was unaf- 
fected by the HRV2 Ser-2A. 
The results of Fig. 2 show that he HRV2 2A proteinase 
stimulates translation of uncapped mRNAs and of IRES- 
driven translation and inhibits that of capped mRNAs. 
Thus, the extent of translation observed from an in vitro 
mRNA translated from the first available AUG codon in 
the presence of a rhinoviral 2A proteinase depends on 
the percentage of mRNAs bearing a cap structure. This 
was confirmed by preparing RNAs transcribed in the 
presence of different proportions of GTP and cap ana- 
logue; in the presence of an active 2A proteinase, up- 
stream cistron translation was approximately propor- 
tional to the amount of GTP initially present in the tran- 
scription reaction. Stimulation of protein synthesis from 
the downstream cistron was still observed in all cases 
(data not shown). 
The inclusion of GTP at 0.1 mM at the start of the in 
vitro transcription reaction allowed mRNAs to be pro- 
duced from which the upstream translation was essen- 
tially independent of the addition of 2A proteinase (see 
Fig. 3, lanes N and a for HRV2 2A). The maintenance of 
a constant level of translation initiation for the upstream 
cistron provides a constant internal control against which 
IRES-driven translation can then be accurately mea- 
sured. The capped mRNAs used in subsequent experi- 
ments fulfilled this criterion. 
Components of 2A proteinase-mediated stimulation of 
translation are interchangeable among entero- and 
rhinoviruses 
The results described above confirm that the HRV2 2A 
proteinase stimulates translation initiated from its cog- 
nate IRES. The PV 2A proteinase has also recently been 
shown to be capable of stimulating translation driven 
from the cognate IRES (Hambidge and Sarnow, 1992), 
suggesting a common mechanism for entero- and rhino- 
viruses. Indeed, chimeric polioviruses in which the IRES 
has been replaced by that from CV serotype B3 or HRV 
serotype 14 are viable (Dildine et aL, 1991; Rohll et al., 
1994), stressing the interchangeability of the elements 
involved in translation initiation. Furthermore, even chi- 
maeric 5'-UTRs in which the IRES of PV is replaced by 
that of the distantly related cardiovirus EMCV are func- 
tional in an infectious virus (Alexander et aL, 1994). In 
order to test whether the entero- and rhinoviral 2A pro- 
teinases could functionally substitute for one another, 
the translation stimulatory capacities of the HRV2 and 
CV serotype B4 (CVB4) 2A proteinases were tested on 
dicistronic mRNAs carrying the IRES elements from dif- 
ferent picornaviruses. 
Dicistronic cDNAs similar to pXLJ-HRV2 were con- 
structed in which the intercistronic spacer was the intact 
IRES element from PV serotype 1 (PV1) or EMCV (see 
Fig. 1B, pXLJ-PV1 and pXLJ-EMCV, respectively). The 
stimulatory activities of purified CVB4 2A proteinase (Lie- 
big et aL, 1993) as well as the HRV2 2A proteinase were 
examined on mRNAs transcribed from these plasmids. 
Figure 3A shows that stimulation of translation initiation 
on the PV1 IRES with the 2A proteinases of both HRV2 
and CVB4 was dramatic (about fivefold). In addition, de- 
spite the lower absolute translation levels seen in the 
experiments with HRV2 2A-Ser, a stimulation of about 
twofold was nevertheless observed (compare lanes N 
with a for each of the three proteinases). Similarly, the 
CVB4 2A proteinase can functionally substitute for the 
HRV2 2A proteinase in stimulating initiation of translation 
from the HRV2 IRES (Ziegler et al., 1995). These results 
demonstrate that the components of 2A proteinase-medi- 
ated stimulation of translation are interchangeable be- 
tween rhino- and enteroviruses. 
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FIG. 3. Translational stimulatory capabilities of HRV2 and CVB4 2A proteinases on various IRES elements. Capped mRNA (initial GTP concentration 
of 0.1 mM in the transcription reaction) transcribed from the plasmids pXLJ-PVl (containing the IRES from PVl; A) or pXLJ-EMCV (containing the 
IRES from EMCV; B) was translated in a mixed HeLa cell rabbit reticulocyte lysate extract (final concentrations of HeLa cell proteins; 125 /~g/ml for 
pXLJ-PVl, 500 ,ug/ml for pXLJ-EMCV mRNA) at final RNA concentrations of 25 ,ug/ml. t0-,ul reactions were supplemented as described in the legend 
to Fig. 2 with proteinase buffer (lanes N) or the indicated proteinases. Final concentrations (,ug/ml) of added proteinases were: lane 1, 100: lane b, 
10; lane c, 1. Analysis of translation products was as for Fig. 2. 
To test whether this functional substitution extended 
to include the more distantly related cardioviruses, trans- 
lation reactions were programmed with pXLJ-EMCV 
mRNA. It has previously been shown that translation of 
mRNAs containing the EMCV IRES is accurate and highly 
efficient in rabbit reticulocyte lysates even in the absence 
of HeLa cell extracts. In fact, the addition of crude ex- 
tracts from HeLa cells to reticulocyte lysates actually 
reduces internal initiation of translation driven from the 
EMCV IRES (data not shown). Thus, to ensure that 2A 
proteinase-mediated stimulation would be detectable, 
pXLJ-EMCV mRNA translations were carried out in sub- 
optimal conditions by the inclusion of 500/~g/ml, rather 
than 125 /~g/ml, of HeLa cell proteins in the reactions. 
Figure 3B shows that only twofold stimulation of transla- 
tion was observed, even at high concentrations of added 
proteinase (Fig. 3B, HRV2 2A and CVB4 2A panels). In a 
parallel experiment, the level of translation was reduced 
approximately fivefold by lowering the RNA concentration 
to 5 /~g/ml; once again, the stimulation with wild-type 
proteinase never exceeded twofold (data not shown). 
With the HRV2 Ser-2A mutant proteinase, essentially no 
stimulatory activity could be detected in these experi- 
ments (Fig. 3B, HRV2 Ser-2A panel). 
2A proteinase activity is required for maximal 
stimulation of IRES-driven translation 
The mutant HRV2 Ser-2A proteinase has a proteolytic 
activity at least 500-fold less than that of the wild-type 
enzyme (Kirchweger et al., 1994; data not shown). The 
reduced capacity of this mutant to stimulate IRES-driven 
translation therefore suggested that 2A-mediated trans- 
lation stimulation depended on the proteolytic activity of 
the enzyme. Two approaches were used to investigate 
this further. First, the experiment shown in Fig. 2 was 
extended to include a wide range of concentrations (Fig. 
4). It can be seen that the addition of a proteolytically 
active 2A protein to 100/~g/ml did not affect translation 
of the first cistron, whereas IRES-driven translation was 
stimulated approximately 5- to 6-fold (Fig. 4, compare 
lanes N and a for HRV2 2A). Furthermore, the stimulation 
of translation of the NS cistron in the presence of the 
active proteinase was dose-dependent, with a significant 
level of stimulation still observed at a concentration of 1 
Cyclln - -  
NS" __ 
~11 +-- I I  
N a b c d e f g N a b c d e f g 
HRV2 2A HRV2 Ser-2A 
FIG. 4. Stimulation of IRES-driven translation by the HRV2 2A protein- 
ase is concentration-dependent. Capped mRNA (initial GTP concentra- 
tion of 0.1 mM in the transcription reaction) transcribed from the plasmid 
pXLJ-HRV2 was translated as described for pXLJ-PVl RNA in the leg- 
end to Fig. 3. It should be noted that the preparations of RNA, HeLa 
cell Sl0 extract, and both proteinases were different from those used 
for the experiment shown in Fig. 2. Reactions contained either protein- 
ase buffer (lanes N} or various concentrations of the indicated 2A 
proteinases. Final concentrations (/~g/ml} of added proteinases were: 
lane a, 100; lane b, 10; lane c, 1: lane d, 0.1; lane e, 0.01; lane f, 0.001; 
lane g, 0.0001. Analysis of translation products was as for Fig. 2. 
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FIG. 5. Comparison of stimulatory capacities of the HRV2 2A and 
HRV2 Ser-2A proteinases implicated in IRES-driven initiation of transla- 
tion. The graph shows the relative fficiency of translation i itiation on 
capped pXL]-HRV2 mRNA when translation reactions were supple- 
mented with the indicated concentrations of HRV2 2A (2A) and HRV2 
Ser-2A (2ASer). The basal level of translation (dotted line) reflects pro- 
tein synthesis in the absence of the protein in question. 
pg/ml (Fig. 4, compare lanes N through c); the quantified 
levels of stimulation are shown diagramatically in Fig. 5. 
These results are in contrast to those obtained using 
the HRV2 Ser-2A; in this case, no stimulation could be 
detected at concentrations of up to 10 #g/ml. Indeed, a 
measurable stimulation was only observed at the highest 
dose of HRV2 Ser-2A (100/.zg/ml). 
These results strengthen the hypothesis that proteo- 
lytic activity is a prerequisite for maximal translation stim- 
ulation. To further assess the contribution of enzymatic 
activity for stimulation of uncapped RNA and IRES-driven 
translation, we examined the effects of the chemical in- 
hibitor elastatinal, which has been previously shown to 
inhibit the HRV2 2A proteinase with an IC5o of 55 /zM 
(Sommergruber et aL, 1992). The results are shown in 
Fig. 6. As described in Materials and Methods, aliquots of 
HeLa cell-reticulocyte lysate translation reactions were 
incubated with buffer (lane N), 2A proteinase alone (lane 
a), 2A proteinase followed by the addition of elastatinal 
(lane b), and 2A proteinase which had been pretreated 
with elastatinal (lane c). The capacities of the treated 
extracts to translate uncapped pXLJ-HRV2 mRNA were 
then examined. With active proteinase a stimulation of 
translation initiation of threefold from both cistrons was 
observed (Fig. 6, compare lanes N and a). Addition of 
the inhibitor elastatinal to a translation extract which had 
been pretreated with the proteinase allowed the same 
level of stimulation as if elastatinal had not been added 
(Fig. 6, compare lane N with lanes a and b), showing that 
elastatinal does not adversely effect protein synthesis. In 
contrast, no stimulation was evidenced when the protein- 
ase was pretreated with elastatinal before its addition to 
the translation extract (Fig. 6, compare N and a with c). 
This experiment effectively demonstrates that stimulation 
of both uncapped mRNA and IRES-driven translation re- 
quires the action of the 2A proteinase on a cellular inter- 
mediary. 
HRV2 2A proteinase can stimulate translation from a 
full-length viral RNA 
Experiments based solely on the use of artificial dicis- 
tronic messages have been criticized on the grounds 
that nonpicornaviral reporter genes serve to assay IRES 
function. Thus, we examined whether the 2A proteinase- 
mediated stimulation seen with the dicistronic mRNAs 
occurred in translations programmed with full-length in- 
fectious viral RNAs. As translation initiation on full-length 
HRV2 RNA is extremely inefficient in reticulocyte lysates 
and in lysates supplemented with limiting quantities of 
HeLa cell proteins (A. M. Borman and R. J. Jackson, un- 
published data), it is difficult to unequivocally identify 
virus-specific translation products; nevertheless, synthe- 
sis of all identifiable HRV2 proteins was stimulated mark- 
edly by the inclusion of active HRV2 2A proteinase in 
translation reactions (data not shown). In contrast, the 
translation products of poliovirus are much better charac- 
terized. Poliovirion RNA therefore was also translated in 
the presence or absence of active HRV2 2A proteinase. 
Figure 7 shows that a marked stimulation in the synthesis 
Cyclln 
NS" 
Nabc  
HRV2 2A 
FIG. 6. Effect of the proteinase inhibitor elastatinal on 2A proteinase- 
mediated stimulation of translational initiation. Translation reactions 
using uncapped pXLJ-HRV2 mRNA were performed as described in 
the legend to Fig. 2. Before addition of the mRNA, translation reactions 
were preincubated as described under Materials and Methods with 
lane N, proteinase buffer; lane a, HRV2 2A proteinase (12.5 ,ug/ml) 
which had been preincubated at 4 ° for 10 min with buffer A; lane b, 
HRV2 2A proteinase (12.5 #g/ml) followed by addition of elastatinal to 
500 #M and a further incubation for 10 min at 4°; lane c, HRV2 2A 
proteinase (12.5 #g/ml) which had been preincubated at 4 ° for 10 min 
with elastatinal (2.5 mM, resulting in a final concentration of 500 /~M 
in the translation reaction). Analysis of translation products was as for 
Fig. 2. 
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FIG. 7. Translational stimulatory capabilities of HRV2 2A proteinase 
on full-length PVl RNA. Poliovirion RNA was translated for the indicated 
times in a mixed HeLa cell rabbit reticulocyte lysate extract (approxi- 
mately 125 /~g/ml final concentration of added HeLa cell proteins) at 
a final RNA concentration of 10 ,ug/ml. 10-/~1 reactions were supple- 
mented with 2/~1 of proteinase buffer (B, lanes 1 and 5), 2 #1 of HRV2 
2A proteinase (10/~g/ml) (HRV2 2A, lanes 2 and 6), 2 /~1 of HRV2 Ser- 
2A proteinase (10/~g/ml) (HRV2 Ser-2A, lanes 3 and 7), or 2 ,ul of HRV2 
2A proteinase (10 #g/ml) which had been pretreated at 4 ° for 10 min 
with 500 ,uM elastatinal (HRV2 2A + E, lanes 4 and 8). Analysis of 
translation products was as for Fig. 2, except that the concentration of 
acrylamide for SDS-PAGE was 15%. Poliovirus proteins are labeled; 
positions of marker proteins are indicated in kDa. 
of poliovirus-specific proteins was observed on the addi- 
tion of HRV2 2A proteinase at 1 #g/ml. The stimulation 
was observable both before (Fig. 7, compare lanes 1 
and 2) and after (compare lanes 5 and 6) proteolytic 
processing had occurred. The lack of stimulation with 
the HRV2 Ser-2A mutant (lanes 3 and 7) and with HRV2 
2A which had been pretreated with 500 #M elastatinal 
shows that the stimulation was once again dependent 
on the enzymatic activity of the HRV2 2A proteinase. 
DISCUSSION 
Stimulation of IRES-driven internal initiation of transla- 
tion by cognate 2A proteinases has been recently dem- 
onstrated for both PV1 (Hambidge and Sarnow, 1992) 
and HRV2 (Liebig et al., 1993). Both studies indicated a 
requirement for the enzymatic activity. In a recent report, 
however, mutations in the PV 2A proteinase gene were 
described which functionally compensate for translation- 
defective IRES mutants (Macadam et al., 1994); it was 
suggested that this rescue resulted from a direct interac- 
tion between the 2A proteinase and the IRES without 
involvement of 2A enzymatic activity. The experiments 
presented here were designed to assess the role of enzy- 
matic activity in the effects of 2A proteinase on IRES 
function. 
To this end, we used a characterized icistronic mRNA 
assay system (Borman et al., 1993). Addition of a wild- 
type proteinase to this system stimulated downstream 
IRES-driven translation by up to five- to sixfold; however,. 
the effect on translation initiation from the upstream cis- 
tron depended on the presence or absence of a 5' cap 
structure (see Fig. 2). The presence of an active 2A pro- 
teinase reduced translation from a capped RNA but did 
not abolish it, as would have been expected from previ- 
ous results using isolated globin mRNA (Liebig et al., 
1993). This appears to be due to the presence of un- 
capped transcripts still synthesized in in vitro transcrip- 
tion reactions containing the capping analogue. Indeed, 
the 2A proteinase stimulated translation of an uncapped 
mRNA. The same effect has recently been described 
when the FMDV L proteinase is present during in vitro 
translation (Ohlmann et aL, 1995; Ziegler et aL, 1995). 
Whatever the reasons, these effects allowed mRNAs to 
be synthesized in vitro such that the translation from the 
upstream cistron was unaffected by proteinase addition; 
this provides a constant internal control against which 
fluctuations of IRES-driven translation can be accurately 
measured. Furthermore, the positive effect of proteinase 
addition on such translation cannot simply reflect a re- 
duced competition between the IRES and the upstream 
5'UTR for conventional initiation factors. The stimulatory 
capacities of the 2A proteinases are impressive. To attain 
the stimulation of twofold observed with HRV2 2A protein- 
ase at 1 /.zg/ml, it was necessary to supplement in vitro 
translation systems with either the PTB protein to 25 #g/ 
ml (Borman et aL, 1993) or the Lupus autoantigen (La) 
protein to a concentration of 120 /.zg/ml (Meerovitch et 
aL, 1993). In our hands, attempts to increase stimulation 
with purified recombinant preparations of these proteins 
to levels above those reported were not successful (data 
not shown). Moreover, the only other protein tested to 
date capable of stimulating rhino- and enteroviral IRES- 
driven translation to the extent seen in the presence 
of the 2A proteinase at 10-100 /.zg/ml is the FMDV Lb 
proteinase (Ziegler et al., 1995). 
In contrast, the HRV2 Ser-2A mutant proteinase in 
which a serine residue replaces the active site cysteine 
106 (resulting in approximately a 500-fold reduction in 
the proteolytical activity) was capable of stimulating 
IRES-driven translation only when concentrations two or- 
ders of magnitude higher than the wild-type enzyme were 
used (see Fig. 5). Additionally, we have expressed and 
purified the proteolytically inactive Cysl06:Ala mutant of 
HRV2 2A proteinase; this mutant has no stimulatory ca- 
pacity in our assay system (data not shown). Further- 
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more, 12.5 pg/ml  of 2A proteinase which had been pre- 
treated with elastatinal no longer st imulated translation 
(see Fig. 6). Stimulation of IRES-driven translation was 
still observed when translation reactions lacking mRNA 
were pretreated with wild type proteinase, which was 
then inhibited prior to the addit ion of mRNA. Thus, stimu 
lation did not require the presence of an active protein- 
ase whi le the RNA was being translated, provided that 
active proteinase was a l lowed to act on the extract prior 
to translation. These data provide indirect evidence 
against a direct interaction between 2A proteinases and 
an IRES. 
The dicistronic system employed was then used to 
examine whether  the HRV2 2A proteinase could stimu- 
late translation driven by other picornavirus IRESes. 
Indeed, we found that not only the RNA, but also the 
proteinase involved in the st imulation of IRES-driven 
translation, was  interchangeable between rhino- and 
enteroviruses. Levels of st imulation were similar, regard- 
less of the permutation examined. However, this ex- 
change did not extend to include the EMCV IRES where 
only a maximal twofold st imulation was reproducibly 
achieved. These results show that 2A-mediated stimula- 
tion of initiation of IRES-driven translation occurs by a 
mechanism common to rhino- and enteroviruses. It is 
conceivable that these viruses have developed such a 
strategy to compensate  for the intrinsically lower effi- 
ciency of their IRESes compared to those of the cardiovi- 
ruses in directing internal initiation of translation. This 
idea is supported by the inabil ity of the IRES of FMDV 
to respond to the presence of its own L proteinase, al- 
though this enzyme can st imulate IRES-driven translation 
from the 5' UTR of HRV2 in a similar manner to the 2A 
proteinases (Ziegler et al., 1995). 
Finally, exper iments using 2A proteinases and poliovi- 
don RNA demonstrated that these proteinases are able 
to st imulate translation initiation at the authentic AUG 
codon. The ability of the 2A enzymes to st imulate authen- 
tic viral RNA translation suggests that proteinase-medi-  
ated transactivation is pertinent for IRES-driven transla- 
tion initiation in vivo. 
Taken together, the data presented here provide com- 
pelling evidence that a major factor accounting for trans- 
lation st imulation on the rhino- and enterovirus IRESes 
is the enzymatic conversion of some cellular factor(s) by 
the 2A proteinase. Although the finding that the HRV2 2A 
proteinase contains a zinc metal ion at a one to one 
molar ratio (Sommergruber  et al., 1994) would not be 
inconsistent with a possible RNA binding capacity of 2A 
proteinases, our results argue strongly against a direct 
interaction between the 2A proteinase and the IRES, at 
least for st imulation of translation. Pertinent attempts to 
cross-l ink purified 2A proteinase to rhino- and enterovi- 
rus IRESes have been unsuccessful (H D. Liebig, unpub- 
lished data), and the proteolytical ly inactive Cysl06:Ala 
mutant of HRV2 2A proteinase did not st imulate IRES- 
driven translation. 
The most obvious candidate for one of the enzymati- 
cally modif ied cel lular factors which could be involved 
in translation st imulation is the elF-4 T component  of the 
elF 4 cap-binding complex, as c leavage of this protein 
by either the HRV2 or the CVB4 2A proteinase gives the 
same products (Liebig eta/ . ,  1993; Lampheareta l . ,  1993). 
Furthermore, the st imulation obtained by the FMDV Lb 
proteinase on rhino- and enteroviral IRESes would be 
consistent with this (Ziegler et al., 1995), as elF-4 T is 
also a substrate for this proteinase (Kirchweger et al., 
1994). Indeed, it has been previously proposed that the 
cleavage products of e]F-4 T may st imulate IRES-driven 
translation (Buckley and Ehrenfeld, 1987). Experiments 
are currently underway to define the exact contr ibut ions 
of modif ied cel lular factors to 2A prote inase-mediated 
translation st imulation and to assess the importance of 
2A proteinase during viral RNA translation in vivo, not 
only as a downregulator  of cel lular translation, but also 
as an enhancer of IRES-driven virus-specif ic translation. 
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